Introduction
Impact injuries in sports are a common occurrence which not only restrict participation in future physical activity but also place a burden on society in terms of the number of days absent from the workplace. These impacts can result in injuries ranging in severity from mild muscular contusions and lacerations to complete skeletal fractures. In many sports personal protective equipment (PPE) is mandatory with function and form governed by safety standards prescribing the minimum impact protection performance levels.
Current test standards typically use unrepresentative human surrogate targets (e.g. simple metal anvils) to 'wear' the PPE. The development of more sophisticated biofidelic surrogates presents the opportunity to better assess the effectiveness of PPE by more closely simulating injurious tissue behaviour to demonstrate the efficacy of protective interventions. A key requirement for PPE test surrogate materials is that they behave consistently and are either inexpensive (for frangible single use) or durable (for repeat use) so that accurate assessments can be made within and between PPE samples (Payne et al., 2013) .
Silicones are commonly utilised as soft tissue simulants due to their consistency, durability and comparable tissue density (approximately 1000kg.m -3 ). Typically surrogates tend to use specific off the shelf silicones to represent all tissue structures in the target body segment (Roberts et al., 2007; Petrone et al., 2010) ; Silastic 3481 was used by Hrysomallis (2009) and has since been employed elsewhere within the sports PPE industry. Figure 1 shows the response of a range of key organic structural tissues in comparison with Silastic 3481 when subject to quasi-static compressive mechanical loading. The tissues are all tested ex vivo and as such lack a resting muscular tonicity. Given practical and ethical limitations associated with human tissue testing, cadaver tests provide an indication of current best estimates of relaxed organic tissue behaviour. Data shown for subcutaneous adipose tissue and muscle are taken from tests on porcine tissue whilst skin data were adapted from tests on human tissue. Porcine tissue offers a more abundant source of mechanical property data and possesses a structure biologically similar to humans (Shergold et al., 2006) ; although it has been suggested that porcine tissue contains a greater concentration of collagen fibres and as such may behave stiffer when subject to comparable loading. The graph shows Silastic 3481 does not provide a good match with any single organic tissue. (Song, 2007; McElhaney 1966) , and subcutaneous tissue (Comley & Fleck, 2009) There are many issues and mechanical response phenomena that are ignored through use of a single material surrogate (e.g. relative movement between structures, pressure distribution and deformation of tissues distant from the impact site). Superior biofidelity to simulate these can be achieved by developing surrogate materials for each human tissue type. This paper presents research evaluating the mechanical properties of a potentially improved relaxed muscle simulant.
Method

Materials Fabrication
A propriety blend of two-part additive cure Polydimethylsiloxane (PDMS) silicone elastomer was formulated through variation of polymer, catalyst and cross-linker constituents. An iterative development process was undertaken altering polymer and cross-linker concentrations to attain an elastomer more closely matching organic tissue properties. Formulated silicone constituents were thoroughly mixed and placed in a vacuum chamber until fully degassed. The solution was then cold poured into ASTM D395 cylindrical compressive specimen moulds (29mm Ø, 12.5mm height) and placed in an environmental chamber at 90 o C to fully cure. Silastic 3481 samples were prepared in a similar manner using a 10:1 Part A:B ratio concentration.
Test Protocol
The compressive test samples were removed from the mould and cleaned to remove any contaminants. The ends were coated in Vaseline to reduce friction and ensure the measured response is predominantly due to axial compressive loading. Tests were conducted using an Instron 5569 universal screw-driven test machine to characterise the mechanical response. A uniaxial compressive test protocol was employed increasing the engineering strain at a quasi-static loading rate of 0.4s -1 until material failure was achieved. Force, displacement and time outputs were obtained from the test machine and used to calculate engineering stress and strain parameters.
Sports Impact Modelling
A Finite Element Analysis (FEA) model was developed using Abaqus Explicit solver to compare the anticipated behaviour of the new surrogate material with predicted Silastic 3481 and organic tissue responses in an intermediate strain rate sports relevant impact. A knee-on-thigh impact similar to that which may be commonly experienced in sports such as rugby, basketball or martial arts was approximated with a 75mm diameter spherical striker (mass 2.8kg, velocity 2ms -1 ) as proposed by Halkon et al. (2014) . The surrogate muscle structure was approximated by a 50mm thick, 200mm diameter cylindrical puck constrained rigidly at its base with an encastre boundary condition struck centrally and perpendicular to the flat surface by the impactor. 32682 hexagonal elements were used in the surrogate (approximate element size: 3.5mm) with enhanced hourglass control and a distortion control length ratio of 0.3 to prevent element distortion in the hyperelastic material. A surface-to-surface contact interaction between the interfacing surfaces was employed with a hard normal contact and tangential penalty contact with a frictional coefficient of 0.25.
Results
Uniaxial Compressive Materials Characterisation
Figure 2 presents quasi-static stress-strain curves from uniaxial tests conducted on both the developed PDMS silicone, Silastic 3481 and reference porcine muscular tissue data (McElhaney, 1966; Song et al., 2007) . The percentage error (synthetic vs. organic tissues) is plotted alongside this graph to emphasise the differences observed. Repeat measures testing indicate one standard deviation is at a maximum of 6.7% of measured stresses.
The results show a significant difference in stress-strain response between the Silastic and PDMS silicone specimens. The PDMS specimen provides a far closer match to reference muscle tissue data particularly at low strains. There are however differences in the stress-strain response at higher strains, the strain hardening effect present in the PDMS specimen at approximately 0.6 strain, results in a significant deviation from the organic tissue properties. This may be attributed to the difference in respective polymer chain and collagen fibre lengths, which 
Constitutive Modelling
A two-term Ogden model was used to describe the constitutive behaviour of the proposed silicone under compressive loading conditions. The Ogden coefficients used are detailed in Table 1and are broadly comparable with those reported in similar work with soft hyperelastic materials (e.g. Briody et al., 2012 (1) Figure 3 shows the maximum deformation of the synthetic and organic muscle tissue pucks, together with von Mises stress distribution predicted by the FEA. The displacement-time histories exhibited by each puck are shown in Figure 4a . Displacement was selected as a parameter for comparison as the compression of muscular tissue against bone is widely suggested to be the key indicator for contusions (Crisco et al., 1996; McBrier et al., 2007; Desmoulin & Anderson, 2011) . The stiffer Silastic elastomer experienced significantly lower displacements (48.2% difference at max. displacement) compared to muscle, whilst the PDMS silicone exhibited comparable results (5.4% difference at max. displacement). Figure 4b . shows the von Mises stress relative to displacement. The graph shows that the PDMS silicone and organic muscle tissue surrogates exhibited a similar stress response up to approximately 85% displacement, where the silicone exhibits a greater stress response. It should be noted that all simulations were performed using isotropic material models, that represent the isotropic synthetic material behaviour, but fail to reproduce real muscle anisotropic response (e.g. due to collagen fibre orientation). 
Sports Impact Simulation
Discussion
This study represents a first stage development of a more complex multi-tissue human surrogate for impact testing. Relaxed muscle is the initial primary focus as in many instances it constitutes the bulk of the soft tissue involved. The PDMS silicone provides a more accurate relaxed muscle simulant than Silastic 3481 and as such is relevant in surrogates for sports injury impact studies where affected muscle is not contracted (either in anticipation or due to the sports activity).
The PDMS silicone provides better simulation of the real muscle deformation behaviour than Silastic 3481; higher muscle compression is indicated that would correlate to a more severe contusion injury. The PDMS silicone did, however, show a significantly increased stress response at maximum displacement when compared to the organic tissue. Although the biofidelity of response is improved, the durability of a future surrogate, if the muscle region experiences these stresses, is reduced. More research is needed to determine whether this will be the case when the new material muscle is used in contact with a suitable skin material.
It is noted that Silastic 3481 was used in previous studies as a unified soft tissue simulant matching skin, subcutaneous and muscular soft tissue response. Phenomena causing injury (e.g. large compressive strain) or mitigating injury (e.g. stiff/soft tissue layer interaction to dissipate impact loads) are not well represented by its use. Areas for further research include skin and subcutaneous adipose tissue silicones which can provide a more accurate human response in their individual layers and when used together.
The variable stiffness introduced by different levels of muscular tonicity is also pertinent for consideration. More than one muscle simulant is needed to model both relaxed and contracted muscle behaviour to cover the full range of sports injury scenarios. Many studies have investigated the effect of contraction (Blackburn et al., 2009; Bensamoun et al., 2006; Wang, 2011; Zheng et al., 1999) ; however, current literature provides no conclusive opinion on the effects of different levels of contraction on the response of the tissue. Further research is required to develop a better understanding of the effects and aid the development of contracted muscle tissue simulants. a.
b.
Although the PDMS simulant provides a much improved representation of the tissue response, further refinement of the polymer and cross linker concentrations could potentially develop a more biofidelic tissue. The lack of material data recorded at higher strain rates, more representative of those experienced in the sports impact simulation is a weakness of the study. A maximal strain rate of 14.8s -1 was recorded from the simulation, this value is low and the material behaviour is unlikely to deviate significantly from quasi-static properties however higher strain rate projectile impacts would require materials characterisation at representative strain rates. Similarly the viscoelastic properties need to be characterised to better understand the time dependent properties of the material; this is important to study in more dynamic impact scenarios.
Conclusions
Current soft tissue simulants only provide a gross representation of the global response of all tissues. To develop a more complete and biofidelic human surrogate, the mechanical behaviour of constituent tissues must be considered. The study presents the potential of an improved relaxed muscle simulant using additive cure silicones to simulate more biofidelic behaviour leading to more accurate consideration of injury. The developed silicone exhibited a much improved representation of this tissue under actual quasi-static and simulated intermediate strain rate compressive loading conditions.
